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Modeling of. Direct Beam Extraction for a 
High-Charge-State Fusion Driver 

Abstract 

A newly proposed type of multichargcd ion source offcrs the possibility of a economically 

advantageous high-chargc-state fusion driver. . MuItiphoton absorptiotl i l l  an intense uniform 

laser fucus can give multiple charge states of high purity, simplifying or eliminating the need for 

‘ charge-state separation downstearn. Very, krge curt-ents (hu-ndrds of ampercs) can be extracted 

from this type of source, Several . .  arrangernenfs are possible. For examyIc, che laser pIasrna 

couId bc tailored for storage in a rnagaetic bucket, with beam extracted from the bucket. A 

different approach, described in this report, i s  direct beam extraction from the expanding laser 

plasma. Wc discuss extraction and focusing for the particular case of a 4. L ” V  beam of 

ions. The rnaximtlm duration of the beam pulse is.lirnited by the total charge in the plasma, while 

the practical pulse length is determined by the range of plasma 1 .  radii over which good beam 

optics can be achieved. The extraction &ctrode contains a sdenoid for beam focusing. Our 

design studies were carried out first, with an envelope code and then with a self-consistent 

particle code. ResuIts from our initial model showed that hundreds of ampercs could be 

cxtracted, bur that most of chis current missed the solenoid entrance or was intercepted by the 

wall and that only a few amperes wcre able to pass through. We conclude with an improved 

design which increases the surviving beam to mort than 70 ainperes. 



confcrcr1ce [ 13  dcscribes new work on the final focus, while here we are: concerned with the 

the a h - n a t i v t :  of exrraction from a magnetic bucket in  ~t. future paper.) Before discussing dircct 

A. Background 
. .  

Cotwention4 F€1F irlduction-acce~erator designs using singly charged ions ar.e rather 

long-one or two kilometers. Highcr charge-sratc ions (e.g.# q = 8 to 16) reduce the length by ;r 

factor of q while the total beam cuncnt i s  increwxi by the samc factor. These cffects can reduce 

the dominant magnetic core and pulscr costs. Indccd, in 1988 the HFSA study [2] found 

significant COS savings usir)g heavy ions of charge stntc q=3, but further pursuit of high-q 

designs was discouraged because of (a) the tendency of higher space charge to increase the size 

of the final focus; (b) beam transport costs in the low energy part of the accelerator, which the 

HIFSA study had neglected; and (c) poor charge-state purity in existing high-q ion sources. 

beam-beam deflections as wet1 - 

(b) Using a solenoid field in the extractor electrode can provide magnetic insulation and 

allow acceleration of hundreds of amperes with diode voltages of several rnegavolts. This 

simplifies the front end by eliminating the need for ESQ focusing arrays and beam mcrging- 

(e )  The advent of intense, ultra-short-pulse lasers now suggests that specific high-q 

charge states can be produced by multiphoton absorption with mir)irnal cojlisional ionization /3]. 

The direct extraction laser-ion sourcc concept is shown schematically in Fig. 1 ~ A pellet of 

, :  



which expands until the density i s  so low that recombination w i l l  not occur after the gas is 

iorlized. A second, intensc. laser pulse (- 100 femtoseconds) strips the  ions down to a common 

ionization level by multiphoton absorption that is controlkd'by the laser intensity (typically 1016 

W/cm2). Thc diode voltage is applied about 20 ns later. AS the laser plasma expands, ions are 

extracted from the plasma sheath until the ion density i s  depleted; the extraction period in  most 

designs is between 1 and 10 pet. The field of a solenoid within the extraction electrode 

focuses the beam. Figure 1 shows an outer reversed solcnaird . .  for reducing the.stray field; there 

is also a bucking coif near the anode to produce,a field r~ult at the laser pellet. 
r .  I 

Because of the large currents required, beam extraction imposes difficulties for most HTF 

schemes. Direct extraction from a laser plasma is especially demanding because it requires a 

wftm of hundreds of amperes to be extracted from a small spherical plasma as its diameter 

expands over a large range such as 0.1 to 10 cm. Spherical diode theory predicts that such large 

radial currents can be obtained with feasibh extraction voltaies (Section 11). It i s  not obvious, 

however, that a sufficient fraction of this current can be deflected, focused, and rnatchcd into rhc 

transpot1 and acceleration system downstream or that sufficiently good beam quality can be 

achieved. 

The problem can be visualized in terms of the reverse problem: starting with the eventually 

parallel transported beam and working backward; owis required to focus the beam onto a small 

spot on the laser plasma with a very large convergence angle." Fur example, the required half- 

angle is 45.6" to represent extraction from .15% uf the pellet area. I.e., the convergence half 

angle in the reverse problem is 0.80 radians. This i s  almosr an order of magnitude larger than 

the angles typically n w d e d  for injection into high-current WQs, and those angles are considered 

hard t o  produce without gas neutralization. 

Our beam extraction studies were done in three stages, first ,using a spherical diodc model 

to relate the extraction voltage to the current. and radius (Section UA) and then a special envclope 

code to investigate the feasibility of soknoid focusing (Section Im). This code showed that the 

initial focusing solenoids would need to bc rnuchhrger in diameter than originally proposed. 



confirmed the envelope code prediction (Section IUA) and which was then used to test ideas for 

improved solenoid gmnetry (Section IITS). T& results are Summarized i n  Section XV. 
.. : ' 

Ir. PRELIMINARY MODELING OF BEAM EXTRACTION 

obtained numetical soIurions for a and published a table of values of dlr over the range 0 to 

100000. In terms of CX, the current is (see Eq. 6.3 1 in Ref- [SI> 

where I= i s  the fraction of the sphere from which.bearn is extracted and C = 6.845 x loa7 in SI 

units. Eq. (1 )  can bc expressed in terms of Vo as a function of dh, as pioncd in  Fig. 2 for the 

case F =: 0.25, 

An approximate formula for the spherical diode is useful for present purposes rather than a 

table of values. We find that 

is accurate -within 6% for 0 < d/r c 100. Equation (2), also piotyd in Fig..2 with F = 0.25, was 

utilized it1 the envelop code discussed below. 

One may compare an empirical formula given by Humphries [5] for emission from a 

cylindrical rod squared off at thc end, In rbat case emission is enhanced at the sharp corners 151. 

With r redefined as the radius of the cylinder, 

IsH = 0.25 C (q/A)1'2 Vo3/2 (i =t- ($2) . 



d/r = 32, Eq. (1) predicts 107 A of Xe!" ions if beam is extracted from 15% 

surface. 

of the spheri 

13. Erwelope Code Resulrs 

Although an enveIope code has limited accuracy for this type of problem, it provides a 

quick way to estimate the ability of the solenoid field to focus the bearn. We used a model in 

which the electric potcntial varies on 'wis according to Eq. (2)"see Fig. 2- between the 

emitting surface and the entrance to the hollow cathode and was',constant thereafter. The 

magnetic field was computed from the standartholenoid f&m& (See J. D. Jackson's text, for 

example). We chose a particuIat example for study: XeI6+ ions, emitting spherc radius 5 crn, 

extraction gap distance 160 cm, voltage 4. I MV, current 144 A extracted over a 54" (half angle) 

segment of the sphere. The magnetic field was generated by a 90-cm-radius solenoid IGO cm 

from thc emitter with asymptotic field 0.45 TesIa. (These numbers were taken from an example 

in Ref. [7).> There was a bucking solenoid on the other side which produced a null fie'td at the 

emitter. 

, , .  -. ~ 

Using the above rnudel. the enidope code showed that Iess than 52 A'of beam current 

would enter at1 aperture of 90 cm radius . .  a& z = 160 cm. Most of this cumnt was diverging and 

the bani  did not straighteu out until z:= 630 cm, Ieaving a core of less than 7 A within the 90 an 

limit. With the solenoid field doubled, to 0.9 Tesla, the beam straightened out at 360 cm, with 

17 A surviving. A large Is field increGe is unrealistic because parts of the beam will be reflected 

by the mirror effect. It was clear that the design needed to be modified, and that a serf consistent 

particle code was needcd. 
. .  ~. 

ILI. SELF-CONSISTENT FIELD CALCULATIONS 

A. Simulation of OriginaI Curlcept 

In the direct extraction approach consiclend here, the emitter radius may initially be as 

small as a fcw millimeters while the hollow cathode radius may b;e: one meter or more. This 

fcatures an adjustable triangular lattiw and is easy to use. The author of the code offered to set 

LIP an initial simu1at.ion and was given the model described in Section UB. 



Three improvemcnts were required: (1) the magnetic field needed to ramp up faster to 

provide quicker deflectitin in the downstream direction; (2) the electrode needed to better 

approximate a spherical geometq to extract more cumcnt; (3) there needed to be more radial 
x .  

cleatance, especially further dowmtrcam where the beam continues to expand before beco~ning 

obvious new feature seen here is that the hollow cat.hode that contains the solcmid winding is 

cone shapcd to reduce beam scraping  downstream. Like an ordinary solenoid, the cclnical 

solenoid gives a uniform magnetic field in its interior. 

&cause thc solenoid/hotlow cathode entrance is now at z = 40 ern instead of 160 cm, the 

magnetic field ramps up quickly, as show) in Fig. 4. This configuration also causes the electric 

potential lines to curve around somewhat spherically on the front half of the emitter, as smn. in 

Fig. 5. The entrance radius is increased as shown from 90 crn to 180 cm to provide mort beam 

clearance. The breakdown gap (about 160 cm) ts the nearest high voIrage etectrode remains the 

same as in the original dcsign. . ,  

j .  

. ,_ . .C 

. , . . _  . 

Figurc 6 shows the bean trajwtdries'in , . .- thekew design.,'The effect of all the above 
r ,  

changcs is to increase the transmitted beam from 8 few amperes io 7 1 amperes. However, the 

Outermost beamlet obviously suffers some aberration and hrthei work i s  needed to improve the 

emittance. 



before converging; this i s  about five times larger than.hoped for in b ~ c  original concept. A bulky 

solenoid matching section would be required to channel the beam into the desired accelefation 

module of perhaps 80 cm radius. 

Because of these difficulties with the direct extraction approach, we conclude thal the 

above mentioned dtcmative of  extracting .the beam from a magnetic bucket may prove to bc 

more feasible. The bucket would be l oadd  from a laset plasma configured to minimize the 

radiat expansion energy. This alternative concept will be discussed in a subsequent paper. 
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Fig. I a. High charge state ion injectclt concept using ultra short pulse Iasers. 

Fig. lb. Laser-ion plasma (detail). . I 

Fig. 2. Normalized potential vs distance..' Curve L-B represents the exact sphericaI diode 

Fig. 3. Magnetic flux contours in improved mode1 for direct extraction from laser plasma. The 

conical soIenoid design allows room for beam to expand wjthout striking the electrode. 

Fig. 4. Magnetic fidd srrcngth along z-axis for model oFFig. 3. The field on axis rises 

rapidly from 0 at the origin (plasma surface) to 0.2 Tcsla at 0.32 meters. The maximum value, 

at 4.8 meters, is 0.364 'Tesla. 

Fig. 5. Electric potential contours for the model uf Fig. 3. The potential is zero at the holIow 
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